This paper presents an extremely flat-beam cylindrical lens antenna with a 180 mm (36 λ) diameter lens at 60 GHz. The parameters of lens antennas in the horizontal plane i.e. dielectric constants, radii, and focal length are optimized to widen beams in the vertical plane while obtaining pencil beams in the horizontal plane. The optimization procedure consists of a theoretical method and differential evolution (DE) algorithm. This beam-widening idea is analyzed and proved to be feasible owing to cylindrical apertures, which is quite different from the results of antennas with planar apertures. Then, the permittivity distribution which results in an extremely flat beam is investigated and shows a novel S-shape rather than following either the law of modified Luneberg lens or the Luneberg's Law. Finally, the proposed lens antenna is fabricated and measured. At the design frequency of 60 GHz, the measured 3-dB E-and H-plane beamwidths separately are 100.4 • and 2.3 • . As compared to the gain peak, the measured and simulated gain drop at ±60 • in the E-plane are less than 4 dB and 5 dB, respectively. Measured results show good agreements with the simulated results, thus validating the extremely flat beam of the proposed lens antenna and the effectiveness of the optimization procedure.
I. INTRODUCTION
Wide angle scanning and multiple beams are highly desirable functions required in 5G communication and modern radars. Cylindrical lens antennas within parallel plates are attractive solutions due to its symmetrical, focusing properties, and good isolation to external structures [1] - [7] . These lens antennas exhibit a narrow beam and multi-beam capacity in the horizontal plane while showing a wide beam in the vertical plane. To achieve broadband and multibeam radiations, some parallel-plate lens antennas were recently presented in [7] , [8] by using broadband feeds and single Teflon lenses without holes. Several equivalent media methods are also applied to design cylindrical Luneberg lens antennas. An airfilled cylindrical Luneberg lens antenna was presented in [9] , [10] by using parallel-plate techniques. By controlling the profile of dielectric, Wu demonstrated fan-beam lens antennas [11] , [12] . The similar equivalent media method The associate editor coordinating the review of this manuscript and approving it for publication was Lu Guo . was applied in [13] , [14] . In addition, drilling holes technique was used to mimic more accurate permittivity in the lens design as shown in [15] - [18] . In [3] , [4] , some fanbeam designs were presented by using unique plastic foams for the desired permittivity distributions. Moreover, some new techniques are applied to realize Luneberg lens such as meandering crossed microstrip lines [19] , transformation optics [20] , glide-symmetric structure [21] , etc. In a sum, the radiation beams of these cyindrical lens antennas were usually fan beams with high gains by mimicking Luneberg's law, while their multibeam capacity results from the geometry and broadband capacity is directly related to their broadband feeds.
However, to exploit new capacities of cylindrical lens antennas, new types of beams are required. Although 1-D scanning has been achieved in many previous works [7] - [21] with low cost and good performances, 2-D and wide-angle scanning is still difficult and expensive for millimeter-wave antennas [22] . In this paper, extremely flat beams of cylindrical lens antennas are considered as the candidates for solving VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ this critical problem with the proposed lens antenna framework. For this framework, in the horizontal plane, the wideangle scanning can be achieved by the rotational symmetry in the form of multiple beams as realized in the previous literature [3] - [5] , [7] - [11] . In the vertical plane, we place cylindrical lens antennas as a linear array along the normal vector of parallel plates and achieve wide-angle scanning by controlling phases of the linear array. In the framework, the beam in the vertical plane of a cylindrical lens antenna which is the element of the linear array should be extremely wide (at least 100 • ) for a wide scanning coverage. Consequently, the required beam for a 2-D and wide-angle scanning is an extremely flat beam. Yet, in the previous literatures, the radiation beams in the vertical plane are usually narrow (where the 3-dB beamwidths are usually less than 60 • ) thus limiting applications of 2-D scanning. Therefore, it is very useful and a challenge to achieve an extremely flat beam for cylindrical lens antennas. Besides, regarding design optimization methods, ray tracing [11] , [12] and full-wave simulations [7] - [9] , [18] by commercial software were usually applied in the previous cylindrical lens antennas. However, due to inherent approximations, ray tracing is limited by accuracies, while fullwave simulations are quite time and memory consuming thus impossible for design optimizations of large sized lens antennas. Furthermore, the cylindrical lenses of these lens antennas merely approximate the Luneberg's law. Nevertheless, it is well known that the lens parameters, specifically permittivity distribution, strongly influence the radiation beam. Although it looks impossible that the parameters in the horizontal plane can be utilized to change beams in the vertical plane, this is indeed feasible due to their cylindrical apertures and we will prove it. Therefore, it can be expected that a novel radiation beam requires a novel permittivity distribution rather than Luneberg's law which transforms cylindrical wave to planar wave.
An early research work [6] regarding this topic has been shown at the conference, which gives simulated results of a relative smaller cylindrical lens antenna fed by SIW. But this early work is short of detailed optimization procedures, analysis, fabrications, and measurements. Different from our previous work in [6] , in this paper we show the optimization procedure, feasibility and reason analysis of cylindrical lens antenna. Furthermore, as an application, a large cylindrical lens antenna, an antenna which is more difficult for beam widening, is designed, fabricated, and measured to verify the proposed methodology.
In this paper, we firstly present a design optimization method to synthesize cylindrical lens antennas based on a DE algorithm and the fast analysis method in [23] . Following the proposed methodology, an extremely flat-beam and largesized cylindrical lens antenna operating at 60 GHz is optimized for the future realization of 2-D and wide-angle lens antenna arrays. To verify the feasibility of extremely flat beams, we prove that the parameters in the horizontal plane i.e. dielectric constants, radii, and focal length can be used for widening beams in the vertical plane. Then, the dominant cause of the extremely flat beam is investigated and proved to be the novel permittivity distribution of the proposed lens antenna. It shows a novel S-shape instead of following Luneberg's Law [1] , [24] . Experimental studies of the optimal lens antenna show that the measured results are in good agreements with simulation results, thus validating the analysis of extremely flat beams and the effectiveness of the design optimization. The lens antenna operates from 58 to 62 GHz, and measured 3-dB E-and H-plane beamwidths separately are 100.4 • and 2.3 • at 60GHz, which show the shape of an extremely flat beam.
This paper is organized as following. In Section II, the design optimization method for cylindrical lens antennas is presented. In Section III, the structure of lens antennas is demonstrated and the feasibility of extremely flat beams is investigated. In Section IV, the optimized results are shown and the reason analysis of extremely flat beams is performed. In Section V, the lens antenna with the extremely flat beam is designed, fabricated, and measured. Finally, some conclusions are drawn in Section VI.
II. OPTIMIZATION PROCEDURE
DE is a population-based heuristic evolutionary algorithm for global optimizations. DE algorithm is distinct with the local techniques which highly rely on the starting point. The global techniques are largely independent of the solution domain. Furthermore, as the optimized parameters in a DE algorithm are encoded in real numbers to solve continuous optimization problems [25] , DE algorithm is suitable for the optimization of lens parameters such as permittivity and radius.
The proposed optimization procedure of N -layered cylindrical lens antennas is represented in Fig. 1 . The optimized parameters are the permittivity ε i , radius r i , and focal length l. The optimization procedure loop starts with an initial population. After each iteration of the optimization loop, the radiation characteristics of each lens antenna generated by DE algorithm are obtained through the Dyadic Green's Functions (DGF) analysis approach proposed in [23] . Then, these radiation characteristics are used to evaluate performances of lens antennas by using an objective function whose value is called fitness. Finally, when the fitness or iteration number meets the convergence condition, the optimal lens antenna with an extremely flat beam will be obtained.
To realize an extremely flat beam, the objective function F should contain widening the beam in the vertical plane while obtaining the pencil beam in the horizontal plane and increasing the gain. Hence, F is designed as
where G V (θ ) and G H (ϕ) are the normalized gain patterns in the vertical plane and horizontal plane, respectively. G 0 is the gain peak and G m is the corresponding goal. f V (θ ) and f H (ϕ) are the pre-selected normalized envelope functions in the vertical and horizontal plane, respectively. w 1 , w 2 , and w 3 are weight parameters for the different optimized objectives. It is important to use envelope functions to achieve an extremely flat beam in the optimization. The reason is that beamwidth constraints in F probably result in bad shapes of optimized beams. Furthermore, according to our experience in designing cylindrical lens antenna, it is very difficult to obtain a quite flat-gain beam within a wide angle (more than 100 deg) in the vertical plane. Consequently, there should be a reasonably slow gain decline in certain regions far from 0 deg. Thus, the envelope functions f V (θ ) is deliberately designed by combining a flat gain part occupying −45 ∼ +45 deg with a slow gain decline part which occupies the region from
III. FEASIBILITY ANALYSIS OF EXTREMELY FLAT BEAMS FOR CYLINDRICAL LENS ANTENNAS
In this section, the structure of the optimized cylindrical lens antenna is presented at first. Then, the special properties of the aperture fields in the cylindrical lens antenna is demonstrated. Finally, the feasibility of extremely flat beams is analyzed and proved. As shown in Fig. 2 , the optimized cylindrical lens antennas operating at 60 GHz consist of two parallel plates and a cylindrical lens. The distance d between the parallel plates is 1.524 mm for the vertical polarization. It means that the vertical plane is E-plane while the horizontal plane is H-plane. In order to obtain a pencil beam in H-plane, lens antennas contain a large-scale lens whose diameter is 180 mm (36 λ). As for the number of layers, it is absolutely right that for a fixed size of lenses, more layers result in better performances. Also, to keep similarly good performances, larger lenses need more layers. Yet, more layers lead to more parameters which deteriorate the optimization efficiency and is more difficult to be realized in fabrications. According to our experience, the number of layers is selected as 11, which is enough for achieving extremely flat beams. For these large-sized lens antennas, the design optimization is impossible for full-wave simulations. Besides, to achieve a wide beam in E-plane, the radius of parallel plate r 0 is selected as 180 mm. In addition, for the future 2-D scanning configuration of linear array, the thickness of parallel plate mh is 0.5 mm so that the whole profile is around a half wavelength at 60 GHz.
Concerning the source of cylindrical lens antennas, to ensure beam scanning in H-plane, the source should be small enough to provide the 3-dB beam overlap as shown in Fig. 2 . θ H which represents the 3-dB beamwidth in H-plane is set as 2.3 • . In consideration of measurements, the input port of the source should be a standard waveguide R620. Therefore, the source is designed as a gradually narrowed waveguide which changes from a R620 input port (3.759 mm * 1.88 mm) to a narrow port (3 mm * 1.5 mm). The gradually narrowed waveguide is constituted by 5 parts, whose widths, heights, lengths are a i , b i , l i (i = 1, 2, 3, 4, 5) from the input part to the radiation part, respectively.
To obtain extremely flat-beams, the parameters of cylindrical lens antennas i.e. permittivity, radius, focal length, etc. are optimized to widen beams in the E-plane and to obtain pencil beams in the H-plane. In order to provide a more accurate background for the latter feasibility derivation, we firstly demonstrate the special properties of cylindrical aperture fields in the optimized cylindrical lens antennas.
For a cylindrical lens antenna optimized in this paper, according to the Eq. (16)- (18) in [23] , the electric fields on the aperture, a surface located in the region 1, are expressed in the form of the vector wave functions M (1) somn i.e. TE mn modes with respect toẑ) and N (1) semn i.e. TM mn modes with respect toẑ. As the analysis done in waveguide theory, the parameter η s = k 2 s − k 2 z decides whether the modes are transmission mode or evanescent mode. When d <0.5λ, for the region 1 filled with air, η 1 is positive number only when the mode index m = 0, while it is imaginary number in the other situations. Hence, the transmission modes on the aperture are only TE 0n and TM 0n . In addition, due to the results of M (1) so0n = 0 in [23] , it means that when d <0.5λ TE 0n do not exist in this structure. In addition, for the application in this paper, d ≈0.3λ and the lens antenna is excited by R620 with TE10 mode excited as the dominant mode. According to the expressions in the Eq. (15)- (18) and the dot product in Eq. (3) and (11) in [23] , the modes TE mn are rarely excited. Thus, the electric field in lens antenna should be vertically polarized and along z-axis.TM 0n modes are the dominant modes, and the cross polarization is very low due to the evanescent modes of TE mn . With m = 0, k z = mπ/d = 0, according to Eq. (15c) in [23] , the expression of TM 0n (N se0n ) on the aperture S located at r = r 0 is defined as
Thus, for the optimized lens antennas shown in Fig. 2 , the electric field E s on the aperture S can be expressed as
where C n are mode coefficients of TM 0n , and f 2 (z ) = 1, while f 1 (ϕ ) is a complex function with respect to ϕ and controlled by the parameters of cylindrical lens antennas. It is worth noting that the aperture field is in the form of separable variables and the function f 2 (z ) is a constant. It means that to achieve extremely flat beams, only the aperture field distribution in the ϕ dimension f 1 (ϕ ) can be utilized to control beams in both H-and E-plane: obtaining pencil beams in H-plane and greatly widening beams in the E-plane (ϕ = π /2) which contains the z dimension rather than ϕ dimension. For planar aperture antennas with variable separable aperture fields located on the XOY plane, the aperture fields which only contain E x can be expressed as
where f 1 (x ) is a complex function with respect to x , while f 2 (y ) is also a complex function with respect to y . Without going through the details, the conclusion is that the pattern in ZOX plane is only influenced by f 1 (x ), while the pattern in YOZ plane is only influenced by f 1 (y ). It should be pointed out that neither f 1 (x ) nor f 1 (y ) can influence the both patterns in ZOX and YOZ plane simultaneously. If we generalize this result to cylindrical aperture antennas with variable separable aperture fields, it seems impossible that f 1 (ϕ ) can change the far field pattern in the E-plane (ϕ = π /2) which does not contain ϕ dimension. On the contrary, in the following, we derive and prove that it is possible to realize extremely flat beams for cylindrical lens antennas by optimizing the lens parameters which are corresponded with cylindrical aperture field distributions in the ϕ dimension f 1 (ϕ ). According to the vector potential method [26] , the far field generated by an aperture can be expressed as
where J s =n × H s and M s = −n × E s . E s and H s are the electric field and magnetic field on the aperture S respectively. J s and M s respectively are the equivalent electric source and the equivalent magnetic source on S. Subscript t depicts tangential components of far fields with respect tor. For a cylindrical lens antenna, without loss of generality, its aperture S is located at r = r 0 , while the z and ϕ dimension of S are [0, d] and [0, π ] respectively. Although E s and H s are related by the Maxwell's equation [26] , due to the properties of general aperture fields, we assume that E s and H s can be related by a simple formulation used in the free-space wave propagation, given by
where η 0 is the wave impedance in the free space. According to the Eq. (3), (5) , and (6), the far electric field E is expressed as
where Q 0 (r) = jω · √ µ 0 ε 0 /4π · e −jβr /r · r 0 (8a)
When ϕ = π/2 (E-plane),
where Q 1 (θ, π/2|ϕ ) = f 1 (ϕ )e jβr 0 sin(θ) sin(ϕ ) (10a)
From Eq. (9), It can be noticed that f 1 (ϕ ) can influences the radiation pattern in ϕ = π /2 plane, as it is coupled with the variable θ in their integrals with respect to ϕ .
Without going through the details, for the radiation pattern in θ = π /2 plane (H-plane), it is also affected by f 1 (ϕ ), which is obvious.
Thus, for cylindrical lens antennas optimized in this paper, the conclusion is that the aperture field distribution in the ϕ dimension f 1 (ϕ ) can control far field patterns in both E-and H-plane. The conclusion verifies the proposed extremely flat beam idea: by optimizing the lens parameters, f 1 (ϕ ) is changed to greatly widen beams in the E-plane and to obtain pencil beams in the H-plane simultaneously. Besides, as the goal of extremely flat beams is mainly to greatly widen beams in the E-plane, there may be some deteriorations of pencil beams in the H-plane compared with fine pencil beams. As a result, it is probably quite difficult to obtain extremely flat beams when holding the same directivity.
Furthermore, to clarify the difficulty of achieving an extremely flat beam, some discussions are executed. It seems that the wide beam in the E-plane is directly related to the narrow slit of d ≈ 0.3λ. If estimating the beamwidth in the vertical plane by approximating the radiation aperture as that of a horn antenna [26] , the estimated beamwidth is wide up to 150 • . It must be admitted that this estimation may hold true for a wide slit d > λ. However, narrow slits of cylindrical apertures cannot directly result in a wide beam in the vertical plane. In fact, this estimation is based on the planar aperture and some approximations of beamwidth, while the apertures of cylindrical lens antennas are curved and the slit is quite narrow. In addition, as obtained in the above derivation of cylindrical aperture antennas, beams in the vertical plane are influenced by both vertical and horizontal field distributions. Thus, it is probably trustless to estimate beamwidth in the vertical plane by only the dimension of a narrow slit for cylindrical lens antennas. Besides, some comparisons exhibited in the next section will confirm the above analysis from another side.
IV. OPTIMIZED RESULTS AND REASON ANALYSIS OF EXTREMELY FLAT BEAMS
In this section, the proposed methodology in Section II is applied to design an extremely flat-beam cylindrical lens antenna. To validate the proposed design method, the farfield patterns of the optimal lens antenna are demonstrated. Furthermore, to analyze the causes of the extremely flat beam, the optimal permittivity distribution is investigated by some comparisons and analysis.
A. OPTMIZED RESULTS
In the DE optimizer, the crossover probability (CR) and mutation parameter (F) are respectively selected to be 0.7 and 0.4, while the number of population members (NP) is 70. Following the proposed design methodology, with the goal of an extremely flat beam, the optimal lens parameters of a cylindrical lens antenna is obtained. The convergence of optimizations requires about 150 generations under the above settings while the optimization costs about 32 hours on a server computer (CPU: Intel Xeon E7-8867 v4; Memory: 512 GB). Specifically, the optimal permittivity distribution varies from 1.61 of the center layer to 1.13 of the outermost layer while the optimal radii of layers are nonuniform. The optimal focal length l is about 2 mm.
The corresponding radiation patterns of the optimal lens antenna are shown in Fig. 3 by using DGF analytical method and full-wave simulations in the commercial software HFSS. As shown in Fig. 3(a) and (b), there are the fairly good agreements of the far field patterns between DGF theoretical predictions and full-wave simulation results, especially in H-plane. The first side lobe levels (SLL) of the theoretical result and simulated result are −11 dB and −10.3 dB, respectively. For both methods, the gain drop at ±60 • in Eplane are less than 4 dB. It means that the 4-dB beamwidths of both methods are greater than 120 • . The differences in E-plane mainly appear in the region from ±50 • to ±60 • , which are far from the center and may results from the edge diffraction at the cylindrical aperture. Fig. 3(c) shows a 3D radiation pattern of the extremely flat-beam cylindrical lens antenna by the full-wave simulation. In Fig. 3(c) , the radiated power in space is focused into an extremely flat part which occupies a wide region about −60 • to +60 • in θ dimension (E-plane) and a narrow region about −1.25 • to +1.25 • in ϕ dimension (H-plane). The similar patterns of two methods and the extremely flat beam shown in Fig. 3 confirm the proposed design method and extremely flat beam of the optimal antenna.
B. REASON ANALYSIS
Since the extremely flat beam is achieved, it is instructive to analyze the reasons behind this phenomenon. First of all, two permittivity distributions are introduced and called distribution 1 and 2, which both follow Luneberg's Law. Fig. 4 compares the optimal permittivity distribution with Luneberg's Law, distribution 1 and 2. The normalized radial dimension corresponds to the middle of each layer. In distribution 2, the thickness of each layer is uniform which is usually used to approximate Luneberg's Law [3] , [4] , [7] . In contrast, the radius of each layer in the distribution 1 is same with that in the optimal distribution. Furthermore, in Fig. 4 , it is shown that the optimal permittivity distribution is quite different from Luneberg's Law regarding the shape and range. Specifically, the optimal distribution is in an S-shape and varies from 1.13 to 1.60, while Luneberg's Law is a convex curve and varies from 1 to 2. Then, with only changing the permittivity distribution of the proposed lens antenna, the comparisons on the beamwidths and patterns in E-plane of the three distributions are performed. As shown in Fig. 5(a) , when r 0 varies from 90 mm to 180 mm, for the optimal distribution, the BW3 and BW4 increase from 76 • to 104 • and from 92 • to 120 • , respectively. Comparatively, the BW3 and BW4 for the distribution 2 only increase from 27 • to 43 • and from 31 • to 47 • , respectively. It is noteworthy that the E-plane beamwidths of the optimal distribution are far beyond those of the distribution 2 at each r 0 in despite of the same profile of radiation aperture d ≈0.3 λ. It indicates that this comparison convincingly supports that a narrow slit is not the main reason of a wide beam in the vertical plane. In addition, as observed Fig. 5(a) , the E-plane beamwidths for both distributions are positively correlated with r 0 , and this phenomenon actually exists in many cylindrical Luneberg lens antennas. Yet, for distribution 2, the beamwidth and its increment with respect to an incremental r 0 is so small that an extremely flat beam is almost impossible for distribution 2. Indeed, r 0 is an important factor for beam widen but not the dominant one.
Moreover, another evidence is shown in Fig. 5(b) by comparing the normalized gain patterns in E-plane of the three distributions. It is clearly seen that the beamwidth of the optimal distribution is far beyond the beamwidths of the other two distributions. Specially, the beam of distribution 1 is much wider than that of distribution 2, despite that they both follow Luneberg's Law. It is noticeable that the distribution 1 can be regarded as an intermediate permittivity distribution between the distribution 2 and the optimal distribution. From Fig. 5(c) , it must be admitted that when greatly widening the patterns in E-plane, the pattern in H-plane is also slightly widened. In this case, compared with the Luneberg lens antenna, the lens antennas with extremely flat beams cannot keep the same directivity. This phenomenon is directly supported by the conclusions in the section III. Yet, compared with the extremely wide beam in E-plane, the beam in H plane still holds a pencil beam and just suffers relatively slight influences. Anyway, obtaining extremely flat beams while maintaining the same high directivity is still a difficult issue requiring future resolutions. Fig. 6 gives the field distribution comparison between the proposed lens with the optimal distribution and the Luneberg lens with distribution 2. It is seen clearly that in Fig. 6(b) , the cylindrical wave emitted from the source is transformed into a planar wave, which covers the full aperture thus providing a high directivity. By contrast, in Fig. 6(a) , the cylindrical wave radiated from the source of the proposed lens is converted into a wave of another type which mainly occupies the central part. The resulting wave in Fig. 6(a) is like a planar wave but not a fine one as that in Fig. 6(b) . It indicates that the two permittivity distributions lead to two different wave transformation functions. Also, the relatively smaller occupied aperture of radiated waves in Fig. 6 (a) compared with that in Fig. 6 (b) probably explains the slightly widened beam in H-plane of the proposed lens.
Thus, based on the above comparisons and analysis, the dominant factor of extremely flat beams should be the optimal permittivity distribution. Besides, the permittivity distributions of a cylindrical lens antenna with an extremely flat beam may no longer follow Luneberg's Law.
Despite that the optimal permittivity distribution of 11 layered lens is able to achieve the extremely flat beam as shown in Fig. 3 , it is inadequate to depict the regularity of the permittivity distribution. Thus, a 29-layered cylindrical lens antenna is optimized to achieve the same extremely flat beam, while the other parameters of the lens antenna are the same. Moreover, the regularity of the optimized permittivity distribution is compared to the law of modified Luneberg lens in [24] , which is regard as a generalization of the Luneberg lens. As derived in [24] , the index of refraction n(r) of modified Luneberg lenses can be expressed as
where r is the normalized radial dimension, and a is the normalized distance between the ideal focal point and the center of the lens. If a = 1, Eq. 11 is cast into the Luneberg's Law. Fig. 6 shows the optimal distribution of a 29-layered lens antenna, in comparison with those of modified Luneberg lens for a = 1.3, 1.4 and 1.5. The optimal distribution of the 29-layered lens antenna also achieves an extremely flat beam similar to those in Fig. 3 . As can be seen in Fig. 7 , the optimal distribution of the 29-layered lens is also in an S-shape, which is quite different from the other three distributions of modified Luneberg lens. In addition, the optimal distribution of the 29-layered lens is similar to that of the 11-layered lens in Fig. 4 . Both of them follow the same S-shape and contain the same abrupt permittivity decrease at about 0.42r. Thus, we conceive that the optimal permittivity distribution for an extremely flat beam lens probably does not follow the law of modified Luneberg lens, which also shows an abrupt permittivity decrease at about 0.42 normalized radius.
In conclusion, the optimal permittivity distribution is the dominant factor which results in the extremely flat beam, while the size of parallel plates benefits the beam widening. Furthermore, the optimal permittivity distribution for an extremely flat beam lens shows a novel S-shaped distribution, and does not follow either the modified Luneberg's Law or the Luneberg's Law. Thus, an extremely flat beam is almost impossible to be generated from a traditional cylindrical Luneberg lens antenna following the Luneberg's Law.
V. EXPERIMENTAL RESULTS
In this section, the optimal cylindrical lens antenna which contains 11 layers and achieves the extremely flat beam is fabricated and measured for the verification of the simulation results. To fabricate the antenna, it is important to cast the cylindrical lens with the optimal permittivity distribution into an actual cylindrical lens easy for the fabrication. Following the AB-G Law [27] and some applications in [15] - [18] , the effective permittivity distribution is obtained by varying the drill-hole density and the thickness of dielectric substrates in the radial dimension. As shown in Fig. 8 , to achieve the quite low permittivity (≈1.13), the cylindrical lens in Fig. 2 is divided into four stacked dielectric substrates (Rogers 5880) in the z direction. The thicknesses of the four dielectric substrates are 0.508 mm, 0.508 mm, 0.254 mm and 0.254 mm from the top to the bottom. Each substrate is drilled with small via holes of a 0.23 mm diameter to mimic more accurate permittivity. The via holes is arranged by following some drilling limitations of the fabrication. The radiation patterns of the actual lens antenna model with the equivalent structure maintain the same extremely flat beam in full-wave simulations, despite that there are some differences from those in Fig. 3 due to the equivalence of permittivity. The photographs of the fabricated lens antenna are presented in Fig. 9 . The lens antenna is measured by NSI2000 near-field system for radiation patterns and directivity. The reason of using the near-field measurement rather than a far-field measurement owes to the large size of the proposed lens antenna whose total diameter is 360 mm (72 λ).
To ensure the validity of the test, we performed multiple measurements and covered surfaces with absorbing materials while a stable support is designed to hold the measured antenna. The planar scanning method is used while the scanning angle is ±70 • in E-plane and ±60 • in H-plane.
In Fig. 10 , the measured and simulated return loss from 58 to 62 GHz are displayed, while a very small air gap of about 0.15 mm between the top substrate and the top metal plate is considered in the simulation. Measured and simulated return loss show good agreement and both are less than −10 dB from 58 to 62 GHz. The simulated gain is 18.2 dBi at 60 GHz. In comparison, the measured gain at 60 GHz is 17 dBi. The antenna efficiency of the proposed lens antenna is 85%. The acceptable discrepancy of about 1.2 dBi in gain between simulation and measurement results is attributed to several reasons, including the loss and uncertainties in dielectric substrates (especially at the 60GHz band), the loss of the feed R620, the fabrication tolerance error, and the integration alignment error.
Meanwhile, the measured and simulated normalized gain patterns of the fabricated lens antenna at 58, 60 and 62 GHz are demonstrated in Fig. 11 . Given that the shapes of the far field patterns at 58 and 62 GHz are similar to that at center frequency 60 GHz, only the E-plane patterns at 58 and 62 GHz are shown in Fig. 11 . As displayed, the good agreements between measured and simulated patterns are observed in both E-and H-planes at three frequencies. At the center frequency 60 GHz, the measured 3-dB beamwidth in H-plane is 2.3 • , which is in accord with the simulated results as depicted in Fig. 11(a) . The first side lobe level (SLL) of the simulated result and measured result are −10.3 dB and −9 dB, respectively. The lower SLL in the measured results may results from the near-field scanning technique, as the measurement system with the planar scanning only uses the near field of a large plane instead of a closed surface to calculate the far field. For the E-plane pattern at 60 GHz, the measured 3-dB beamwidth is 100.4 • , and the gain drop at ±60 • is less than 5 dB. As compared to the simulated results in E-plane, there is a little gain drop of less than 1 dB at the angle range ±(50 • ∼ 60 • ), while the gain of range −50 • ∼ 50 • in E-plane is quite stable. As shown in Fig. 11 (c) and (d), the patterns in E-plane at 58 and 62 GHz are wide as that at 60 GHz. It is interesting to notice that a narrow beam in H-plane and an extremely wide beam in E-plane are simultaneously achieved for a cylindrical lens antenna with a continuous cylindrical aperture, thus confirming the validity of the proposed optimization approach.
VI. CONCLUSION
A large-sized cylindrical lens antenna with an extremely flat beam is optimized and designed at 60 GHz. The proposed design optimization method is based on the DE algorithm and the fast while quite accurate analysis method presented in [23] . Different from the previous functions of cylindrical lens antennas, extremely flat-beams are desired for the new lens antenna framework to achieve 2-D and wide-angle scanning, which is critical for millimeter-wave systems. The feasibility and reason of extremely flat beams are thoroughly analyzed. Based on the comparisons and analyses of the extremely flat beam, we conclude that the optimal permittivity distribution is the dominant cause of the extremely flat beam, which shows a novel S-shape rather than following Luneberg's Law. This novel permittivity distribution may lead to some applications of other lens structures such as spherical lenses.
Measured results confirm the extremely flat beam and show good agreements with the simulated results, which validates the proposed design optimization approach. 3-dB E-and H-plane beamwidths respectively are 100.4 • and 2.3 • at 60 GHz, while the measured gain is 17 dBi. Benefiting from the exhibited extremely flat beam, the designed cylindrical lens antenna is a good candidate antenna for realizing 2-D and wide-angle scanning lens antennas in millimeter wave frequency band.
